Normal cardiovascular response to exercise During isotonic exercise the contraction of skeletal muscle in movement provides a volume rather than a pressure load to the left ventricle, and the cardiovascular response is proportional to the severity of the exercise. 2 The human body responds to dynamic exercise so that the blood flow to exercising muscles is increased to maintain oxygen delivery, heat is dissipated, and flow to vital organs such as the brain and heart is preserved. The cardiac output, the oxygen capacity of the blood (dependent on arterial oxygen saturation and haemoglobin concentration), and the vascular bed of exercising and non-exercising skeletal muscle all function concordantly to ensure that oxygen delivery approximates to oxygen demand. The intensity of exercise may be quantified by the maximal oxygen consumption (the product of maximum cardiac output and maximum arteriovenous oxygen (a -v 02) difference) which is the greatest amount of oxygen an individual can use during dynamic exercise to deliver to skeletal muscle. 3 Because the a -v 02 difference has a physiological limit, at true maximal effort maximal oxygen consumption is an estimate of maximal cardiac output. 2 The normal response to exercise is an increase in cardiac output with an overall reduction in systemic vascular resistance caused by vasodilatation in exercising muscle and a subsequent small increase in arterial blood pressure. 4 Cardiovascular response to exercise in chronic heart failure In the early stages of chronic heart failure compensatory mechanisms maintain cardiac output. These are an increase in end-diastolic volume with increased preload (the FrankStarling mechanism), left ventricular hypertrophy, and the increased neurohormonal response. As heart failure progresses, however, an inability to increase adequately cardiac output in response to exercise develops, with an additional decrease in skeletal muscle perfusion at rest and on exercise associated with an increased vascular resistance in exercising muscle.5 Although cardiac output can be redistributed through vasoconstriction so that blood flow to exercising muscles and vital organs is conserved, this compensatory response may become defective. As a consequence arterial blood pressure is maintained on exercise to preserve flow to non-exercising vascular beds to the detriment of blood flow to exercising muscle at rest and on exercise.5 Maximal oxygen extraction in exercising muscle is reached more quickly than in healthy individuals and there is greater reliance on anaerobic metabolism. The reduction in blood flow to the exercising skeletal muscle, and thus in oxygen delivery, relates closely to the reduced peak cardiac output and exercise capacity in these patients.'
Skeletal muscle abnormalities in chronic heart failure In chronic heart failure, either through the reduction in cardiac output or physical decon-ditioning, the vasoreactivity of the skeletal muscle vascular bed becomes impaired and the oxidative capacity is altered. Several histological and histochemical changes have been noted in the skeletal muscle of patients with heart failure. In different studies, atrophy of type I fibres"' and type II fibres8 1112 or an increased percentage of type IIb fibres' 12 have been reported. These resemble the changes seen after deconditioning in healthy people.
A reduction in blood flow to exercising limbs during submaximal and maximal exertion was an early peripheral abnormality found in chronic heart failure.'3 Further work showed that this failure to augment maximal blood flow adequately in exercising muscle may occur independently of cardiac performance on exercise.'4 Maximal blood flow to exercising skeletal muscle is reduced in chronic heart failure to some extent as a result of a normal mean arterial blood pressure being maintained.5 This reduced flow results from a reduced muscle driving pressure (arterial minus venous pressure) as well as impaired vasodilatation in the muscle bed.3 14 However, at a given work rate, forearm muscle blood flow was similar in patients with heart failure and in healthy controls,'5 implying that blood flow matches workload in a small muscle group but that this linear relation does not hold in larger muscle groups where vasodilatation is impaired.
Magnetic resonance spectroscopy of high energy phosphate metabolism ("P-MRS)
showed excessive dependence on anaerobic glycolysis with rapid depletion of phosphocreatine and early lactic acid production in the forearm muscles of patients with chronic heart failure compared with healthy controls." '8 This excessive depletion ofphosphocreatine on exercise occurs to a greater extent in exercising leg muscles in the absence of any difference in leg blood flow at the same workload.'5 Although Massie et al found a correlation between such skeletal muscle metabolic abnormalities in the forearm on exercise and the clinical severity of chronic heart failure, the skeletal muscle abnormalities were unrelated to muscle blood flow.'6 Thus the reduced exercise capacity of chronic heart failure cannot be explained by changes in muscle blood flow alone.
It is likely that there is a defect of oxidative metabolism in skeletal muscle in chronic heart failure, which is consistent with the reduction in volume of mitochondrial cristae in skeletal muscle cells. ' 
wall thinning and shape distortion in patients with a large degree of ventricular asynergy soon after myocardial infarction,20 there is no evidence for functional deterioration in patients with well compensated chronic heart failure.2' Several studies over the past decade showed that exercise programmes were not harmful but were of benefit when carefully controlled protocols were used.2225 Exercise capacity measured as maximal oxygen consumption or exercise duration may be increased and this increase is associated with several beneficial peripheral and metabolic adaptations.2225 The remaining uncertainties about exercise as a treatment relate to patient selection and to the optimal intensity and duration of therapy.
Lee et al first showed improvement in mean exercise duration after long-term physical training in 18 patients with chronic heart failure who showed no change in resting cardiac output or central haemodynamic variables. 22 In another study to investigate the central and peripheral haemodynamic and metabolic adaptations to long-term exercise, Sullivan et al studied 12 patients (mean (SEM) left ventricular ejection fraction of 24 (10)%) before and four to six months after four hours of regulated exercise per week and showed a mean increase of 23% in maximal oxygen consumption.23 There was also a reduction in heart rate at rest and submaximal exercise and an increase in the systemic a-v 02 difference at rest and peak exercise, which was first noted after 75 days of training. There were no changes at either rest or exercise in arterial pressure, pulmonary wedge pressure, stroke volume, or ejection fraction, with only a trend towards an increase in cardiac output. The increase in the systemic a -v 02 difference was attributed to a redistribution of cardiac output to working skeletal muscles. In addition to this central adaptation there were increases in leg blood flow (with reductions in vascular resistance) and delivery of oxygen to the leg at peak exercise, in a-v 02 difference (greater oxygen extraction) and a reduction in lactate production at submaximal exercise. The fall in lactate production was independent of leg blood flow, implying a true peripheral adaptation independent ofhaemodynamic changes. There was also a significant increase in haemoglobin concentration after training. The response to exercise was unrelated to any resting variable: the change in maximal oxygen consumption correlated with the increase in cardiac output and leg blood flow and also with the amount of time spent exercising each week.2' In another study of patients in New York Heart Association class I who followed a more intensive training regimen, Ehsani showed increases both in stroke volume and in maximal peripheral oxygen extraction."
It has been suggested that some of the secondary changes seen in chronic heart failure-such as neurohormonal activation and changes in skeletal muscle and peripheral vasculature-may be a result of physical decon-ditioning itself. The autonomic imbalance (increased sympathetic activity) seen in moderate to severe chronic heart failure may reduce heart rate variability and thus predispose the patient to sudden death.25 In one study, 11 patients with stable moderate to severe heart failure (left ventricular ejection fraction 19 (8)%) performed 20 minutes of daily bicycle exercise (five days a week) to 60-80% maximum heart rate over eight weeks in a crossover study with eight weeks rest. Exercise duration and maximal oxygen consumption increased by around 20%. This increase in maximal oxygen consumption correlated closely with a reduced heart rate at rest and submaximal exercise, an increased heart rate variability, and a reduced resting noradrenaline spillover, suggesting an association between the improvement in exercise capacity and reduced autonomic imbalance.25
Mechanisms for improvement in exercise capacity with training The mechanism whereby the low output state of chronic heart failure alters the oxidative capacity of skeletal muscle is not known. Possible mechanisms include increased activity of the sympathetic nervous system or neurohormonal changes or chronic low grade ischaemia. The metabolic changes found in the finger flexor muscles ofpatients in heart failure do not support disuse as a cause in its own right. '6 Musch et al studied the effects of low and high intensity exercise training in rats with chronic heart failure."6 High intensity training conferred an additional increase in the maximal a-v 0 difference, a reduction in resting and maximal heart rate (reversal of "chronotropic incompetence") and an increase in cardiac output compared with low intensity training. Peripheral deconditioning accounts for the impairment of vasodilator capacity to a large degree. Sinoway et al showed that a unilateral programme of dynamic handgrip over 30 days led to a greater peak blood flow response to ischaemia and lower minimal vascular resistance in the trained forearm of patients with heart failure (compared with the control forearm), in the absence of changes in systemic aerobic capacity.'7 Skeletal muscle blood flow and metabolism are closely linked because the distribution of blood flow on exercise is matched to local metabolism. It is likely that the benefits of physical training also occur predominately through reversal of the reduction in oxidative capacity. In another study of the independent peripheral adaptation to regular exercise, Minotti et al performed a localised training regimen on the forearm of patients with heart failure. Endurance improved and was associated with a reduction in the ratio of inorganic phosphate to phosphocreatine (Pi/PCr) at "P-MRS (indirect evidence of increased oxidative capacity). '8 This occurred in the absence of changes in forearm blood flow, which implies that regulated exercise improves the metabolic response of skeletal muscle to exercise. It may be that this is a major mechanism whereby exercise training improves exercise capacity in chronic heart failure.
It is also of interest that improvement in maximal oxygen consumption may lag behind objective measurements of resting cardiac function after the start of drug treatment; this is further evidence of a coupling process between cardiac performance and circulatory and metabolic function during exercise in patients with chronic heart failure. '9 Conclusions Exercise training benefits patients with wellcompensated chronic heart failure, even in those with considerable left ventricular impairment. It delays the onset of anaerobic metabolism in skeletal muscle reversing the impairment of peripheral vasodilatation and improving blood flow to exercising muscles. It is safe and does not induce clinical deterioration as previously believed. However, many previous studies have not taken patient motivation and thus compliance into account. More controlled studies are required to determine the intensity and duration of exercise training required. It is likely that those who show no adaptation to a low intensity training programme within six weeks should not continue with the programme." The use of exercise training as a treatment in patients with chronic heart failure has provided another means of treating a pathophysiological state that otherwise has a natural history ofgradual deterioration and high mortality despite early pharmacological intervention. However, whether this increase in exercise capacity can be sustained and reflected in an improved survival is not known. 
